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Pair- and many-atom interactions in the cohesion of surface clusters: Rdand Ir, on W(110)
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In order to explore cohesion in surface clusters, interactions between Pd atoms adsorb&dl@nharve
been characterized in observations of individual adatoms using a helium-cooled field ion microscope. The free
energies of pair interactiorfs(R) have been derived from detailed measurements of the probability of finding
two atoms on an otherwise empty plane at a vector sepaftfoom each other. For Pd, pair free energies are
similar to previous results for Ir atoms: interactions extend over distances larger than 13 A, and show a strong
directional anisotropy. Along the close-pacl{edTl] direction, interactions between two Pd atoms are very
close to those for Ir adatoms, even though the binding energy of Ir atoms to the substrate is more than twice
that of Pd. With quantitative pair free energies available, the contributions from many-atom effects to the
cohesion of clusters have been evaluated by examining the transformation from chain structures to two-
dimensional islands, which takes place with both Pd and Ir §hMy. Many-atom effects are parametrized in
terms of the trio interactionB 3, in linear andF 3y, in triangular configurations. It is found that many-atom
effects, rather than amounting to small perturbations of the pair contributions, arejbecontributors to the
cohesion of two-dimensional clusters for both Pd and Ir ofi19). [S0163-18209)08131-X]

[. INTRODUCTION insights into the important interactions on this densely
packed plané! These two atoms behave quite differently: Ir

Interactions between adsorbed atoms play an importanitoms in nearest-neighbor sites alofigl1] attract each
partin a variety of surface processes, among them diffusionyher, Re atoms suffer repulsion at small separations. For
desorption, and the nucleation of new surface layers. Still NOboth, however, the free energy of interaction is significant
clear is the nature of adatom interactions in the cohesion O(Sver quite a considerable range, greater than 13 A, and os-

s_ur_face layers. The theqry _underlying such interactlons IBillates with distance along the close-packed direction
difficult and not yet quantitative enough to be applied to real —

systems. Experimental efforts® interpreting phase dia- o
grams or desorption phenomena have had to proceed indi- To V\_/hat extent are these featL_Jres charact_erlstlt_: (_)f metal
rectly, so that at the moment, relatively little is known aboutatoms in general? Are there obvious trends in pair interac-
pair interactions between adatoms, and much less abotions as the chemical identity of the atoms is changed? There
many-atom contributions to cohesion. remains an even more important question: do pair interac-
Fortunately, the ability to see individual adatoms on ations really play a significant role in the stability of atomic
surface with the field ion microscope makes it possible toclusters on a surface, or do many-atom effects dominate co-
map out in some detail interactions between metal adafomshesion? As a start in probing these matters, we have exam-
For pairs of adatoms, this is a straightforward matter. In aned the behavior of Pd atoms on(¥10). Pd is an element
system at equilibrium with the underlying surface at a con-in the same platinum family as Ir, which has already been
stant temperatur€, the probabilityP(R) of finding two ada-  explored!! but with a much lower binding energy to the
toms a vector separatidR apart is just’ W(110) surfacé?
In Sec. Il we outline the conditions under which the spa-
tial distribution of two Pd atoms has been measured on
P(R)=CPy(R)exd —F(R)/KT]. (1)  W(110. The results of the observations, as well as the free
energies of pair interactions derived from them, are pre-
sented in Sec. lll. Comparisons with previous measurements
HereF(R) is the free energy of interaction between the ada-of interactions reveal striking similarities with the behavior
toms, Po(R) gives the number of ways the vect@rcan be  of Ir adatoms. We then make use of the quantitative data on
accommodated on the surfade,is Boltzmann's constant, pair interactions to probe the contributions of many-atom
and C provides normalization. The probabili(R) can be effects to cohesion. This is done in the final and most impor-
measured by counting the frequenyR) with which two  tant section of this paper, where we examine the stability and
adatoms are observed at a separafoin a canonical en- shape of platinum metal clusters on(Y20). Analyses of the
semble; the free energy of interaction for two atoms at dif-transformations between differently shaped clusters provide
ferent pairs of sites is therefore directly accessible. detailed insights and allow us to evaluate the magnitude of
For pairs of chemically identical atoms, quantitative mea-many-atom interactions. This extensive examination demon-
surements using the field ion microscope are available for Istrates that many-atom effects contribuatecisivelyto the
as well as for Re on thél10 plane of W and provide some stability of surface clusters.
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[l. EXPERIMENTAL CONSIDERATIONS vations are desirable for each separation; in our case this
implies a total of~2000 observations. Once these are avail-

We have used a helium-cooled field ion microscéyie able, interactions can be derived by casting Eq.in the

locate individual adatoms on a (M0 surface and to mea-
sure adatom interactions. The techniques for determining
pair interactions have previously been described in d#tail,
but some specifics are relevant here. Measurements have all
been done 01110 planes, with~ 22 lattice spacings along g N (R) is an entirely geometrical quantity, the number
the[001] and[110] directions, created by field evaporation of observations for noninteracting atoms at a separagioft

of single crystal tungsten wirgrom Field Electron and lon s obtained by direct counting of the separations accessible in
Sources Co., McMinnville, Oregonduring the course of the  the inner(perfec region of the(110) plane. Normalization is

F(R)/KT=C..— IN[N(R)/Ng(R)]. 3)

experimeﬂts, with continued field eVaporation, the dimen'achieved by Setting a separatiag: beyond which interac-

distance scale, the sites at which Pd atoms are bound wegtained from the requirement

mapped out by recording the location of a single atom in

lowing observations of the distribution of two adatoms over C.=In ; N(R)/ ;‘, NO(R)} (4)

the (110 plane. IRI>R.. IR>Rs,

is a compromise. To ensure proper equilibration, it is desir-__. : . . .

able that the root-mean-square displacement during a airsN(R) at th_e separatioR yield the desired quantity, the
ree energy of interactiof (R) for two adatoms on the sur-

eter of the surfac& However, keeping the temperature low

is advantageous, as the statistical uncertainty in the free en-

sions vary by~ 2 lattice spacings. To establish a reliable tions are negligible; the normalization constadt is then
repeated diffusion intervals; this was done immediately fol-

The temperature at which pair interactions are measuregina"y, from Eqs.(3) and(4), observations of the number of
equilibration interval amounts to at least1/5 of the diam- face
ergy of interaction is given by [ll. ADATOM PAIR INTERACTIONS

o[F(R)]=KT[{1— P(R)}/N(R)]llz. ) A. Results for Pd atoms

) i In experiments with two Pd atoms on(1M.0), the surface
Still, the temperature cannot be set too low, otherwise once g5 equilibrated by warming to 242 K for 10 sec. Of 2151
strongly attractive configuration forms, it will remain in opservations on pairs, 1855 were found with both atoms in
place too long. Based on preliminary experiments, a Mg inner region, sufficiently far from the edges, and were
perature of 242 K was chosen as optimal for observations oferefore accepted for analysis. The distribution of pairs over
Pd pairs. o o . different separations is given in Table I; a plot of the results

A crucial factor in this choice is the behavior of Pd at the g shown in Fig. 1 out to a distance ofdg2, wherea, is the
edges of the WL10) plane. During the extensive equilibra- |agtice constant of W. As in previous studis relative
tion of an adatom pair, one or both of the atoms may wandegeparations have been mapped into the first quadrant, with
away from the center of th€l10 plane and occasionally e atom always set at the coordinaeg). For reasons of

reach the outer edge. If the atom then escapes, or becom§§mmetry the numbers in Fig. 1 have been displayed
permangntly bound to the 'edge, a new atom has to be deppc?c')ubled along the ax¢801] and[110], as there each point
ited, quite a time consuming procedure. At temperatures in

e it of 242, P alom bouncesback rom he edgd P1°S°1S, O e deplacemerts raner tan fou oe
to the center region without escaping from the top terrace of - by 9

the WM(110 plane, so that experiments to explore the various[at the nearest-neighbor separauﬁ_nthat IS at(1,1. In con-
! . : . rast, hardly any atoms are found in positions nearby, such as
configurations on the surface can continue unimpeded.

In practice, two hours following deposition, after 100 (20, (0.2, (3,1), and(1,3. Along the close-packed direc-

observations of various pair configurations have been maddon [111], the number of observations appears to oscillate
the two adatoms as well as one or two layers of the surfac®ith distance: after the peak &t,1), only 3 are found at
are removed by field evaporation to eliminate any impurities2:2, but the number of pairs then rises again significantly to
that could have accumulated. Experiments are then contint6 at(3,3). Very few pairs are found along tH@01] and
ued with newly deposited adatoms. [110] directions.

Atoms that come close to the plane edge during equilibra- Free energies of interactioi(R) have been derived in
tion may be subject to interactions atypical of the perfectaccordance with Eq3) and Eq.(4) from the data for the
(110 plane. In evaluating the data for use in estimating thenumber of pairsN(R) at a separatiorR, compared to the
free energy of interaction, observations in which one or botmumberNy(R) expected in the absence of interactions. The
atoms are within three to four spacings from the edge areesults are summarized in Table Il. Rt=(0,2) and(3,1) no
therefore rejected. During imaging, the electric field at thepairs were found. A lower bound to the free energy of inter-
plane edges is higher than in the center. When an atom igction at these positions is obtained by assumii&)~ 1.
detected near the plane edge after equilibration, the imaginghe cutoff distance which enters in evaluating the normal-
voltage is therefore immediately lowered to avoid fieldization constan€,, in Eq. (4) was set aR,.=20ay/2. A trial
evaporation of the atom. value ofR,. was picked first, based on a qualitative evalua-

To obtain reasonable estimates of the free ené&rgy) tion of how the distribution varied with interatomic separa-
with a statistical uncertainty of- kT/3, roughly ten obser- tion. This choice was refined by establishing that the free
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TABLE I. Number of observationsl(R) of Pd pairs on W110) (3,1, and (1,3), interactions are clearly repulsive. Farther
at the separatioR after equilibration at 242 K. away, interactions tend to become attractive again. This

g ) 4 Pd-Pd trend is most apparent alorﬁng], and is displayed in Fig.
T 3 3 10 7 1 T=242K 3. Attractive interactions at separationR®|=3 nearest-
3 6 7 3 5 2 neighbor spacingg” are separated from the very strong at-
g 8 6 7 5 7 4 6 tractions at ¥’ by repulsion a{R|=2/.1
R R 12 6 13 11 5 1 4
11 9 8 4 4 4 4 6
8|4 4 8 5 8 4 12 2 B. Comparisons
8 8 5 5 9 3 9 6 . . .
6 |a 13 11 8 8 7 7 4 6 The interactions between two Pd atoms revealed in these
9 8 14 8 6 5 11 5 plots are quite similar to what has been observed for Ir atoms
4|2 9 20 10 10 2 8 6 13 on W(110.1* To facilitate comparisons, structural and en-
1 16 17 12 7 6 3 5 ergy parameters for Pd and Ir are listed in Table Ill. How
2|0 3 10 10 3 6 3 ? 2 much alike interactions really are for Pd and Ir is clear in
562 0 15 10 9 6 4 4 Fi howing the f ios for both al the ol
o |pd 5 1 1 2 2 4 5 2 ig. 4(@), showing the free energies for both along the close-
¥/x 0 2 4 6 8 10 12 ao/2 =»[001] packed directiof111]. At the nearest-neighbor separation

/, interactions between Pd and Ir atoms are the same within
a standard deviatiolf, and they are not too far apart else-
energies calculated from E) and Eq.(4) no longer varied where beyondR|>/. Pair interactions between two Re
significantly with the particular value dR., . atomg! are compared with those for Pd in Fig(bt At
The plot of free energies, in Fig. 2, makes it clear thatlonger separations, interactions between Re atoms along
interactions are highly anisotropic, repulsive along [tb@1] [111] are little different from those in Pd pairs, even though
and[110] directions, and generally attractive alopbl1]. Re atoms atl,1) as well as(2,2) are strongly repelled by a
At the nearest-neighbor separatidnl), the interactions are Re atom at(0,0). Bauef® has suggested a correlation be-
most attractive and the free energy-i88.6+0.7 meV. How-  tween pair interactions and the strength of atom binding to
ever, at separations in close proximity to this, suctiz®, the surface. However, the cohesive energy of Ir is 1.76 times
as great as that of Pd, and the desorption energies of Ir and

30 - Pd from W(110 stand in the ratio 2.13:1despite that, the
562198 free energies of interaction are almost the same. There is
clearly more to be done here.
%1 ~ Pd - Pd It is important to note that these pair energies, obtained

from direct observations of two atoms on a(l¥0 plane,
differ in magnitude from estimates for related platinum met-
als obtained indirectly from macroscopic measurements of
desorption by Kolaczkiewicz and BaueFor rhodium, they
deduce a nearest-neighbor pair interaction of 0.6 eV, for
platinum it amounts to 0.8 eV. These estimates are an order
of magnitude larger than what we find for Pd or Ir on the
same surface. Although detailed comparisons are not yet
possible, it would appear that these indirect methods have
not yet succeeded in isolating interactions with just one other
adatom.

IV. MANY-ATOM INTERACTIONS

With information about pair interactions between metal
adatoms now available, it is straightforward to evaluate pair
contributions to the cohesion of surface layers. For the first
time we are therefore in a position to also get a quantitative
idea of the role of many-atom effects. That many-atom in-
teractions must be considered in estimating the energetics of
overlayers is generally recognized, but it is still not clear
how strong these interactions really are and how significantly
they contribute to the cohesion of clusters and overlayers.

In the past, efforts to quantitatively establish these contri-

FIG. 1. Number of observatiod$(R) of Pd pairs on W110 at  butions have usually involved taking a few near-neighbor
the separatiorR, for |[R|<10a,/2. Pd atoms were equilibrated at interactions together with some many-atom effects as param-
242 K for 10 sec. All observationj are mapped into first quadranteters, and then Varying these parameters to fit information
but along the two axef901] and[110], N(R) is displayed doubled  from macroscopic experiments® However, this approach
to compensate for the fact that a vectoside the first quadrant does not uniquely define interaction parametérs. For

represents four displacements, whereashe axis a vector repre- metal layers, it also ignores the fact that pair interactions are
sents only two.
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TABLE Il. F(R), the free energy of interaction for Pd pairs or(M/0), equilibrated at 242 K.
I:E: 1.9+14.7 1.6£10.4
T -11.4+7.4 8.7+£12.0 -17.2+6.6 ~10.8+7.9 28.3+£20.9 Pd-Pd
% -4.1+12.0 -4.3+8.5 -8.2+7.9 8.7+12.0 -3.349.3 ~0.5+104 12.1£14.7 T=242K
< -9.0+7.4 -3.5485 -7.4+7.9 ~1.649.3 -10.1£7.9 -0.3+10.4 -11.0+8.5
10 -22.3+7.4 -16.6+6.0 -2.748.5 ~19.8+5.8 -17.7£6.3 -3.0+£9.3 28.5+20.9 -2.8+10.4
—-13.5+6.3 -9.8+6.9 -82174 5.1+10.4 3.4+104 1.6+104 -0.6+£10.4 ~11.68.5
8 -5.7£10.4 8.5+10.4 -6.8+7.4 2.049.3 -9.3£74 3.4£10.4 -21.6+6.0 13.5+14.7
-4.9+7.4 ~54+74 3.54¢9.3 2.1£9.3 -11.8+6.9 9.1£12.0 -16.0£6.9 -10.2+8.5
6 -3.8x10.4 -143+58 -11.6+6.3 -6.2+7.4 -7.8+7.4 -6.9+7.9 -9.0+7.9 0.1+10.4 -11.018.5
-5.5+£6.9 -3.7+7.4 -16.415.6 -6.37.4 -2.2+8.5 -0.44£9.3 -19.2+6.3 -5.319.3
4 12.4+14.7 -5.06.9 ~22.614.6 -~9.6+6.6 ~11.4+6.6 20.2+14.7 -11.0+7.4 -7.448.5 -26.2+5.8
42.0£20.9 -16.7+5.2 -19.4+5.0 -13.9+6.0 -4.5+7.9 -3.5285 8.7+12.0 -4.619.3
2 >(28.5£20.9) 19.4£12.0 -7.246.6 ~8.846.6 3.8+9.3 ~2.1+8.5 10.1+£12.0 —-15.3+6.9 13.3+£14.7
~88.60.7 >(42.0+£20.9) -16.1+5.4 -9.5+6.6 -9.3+£6.9 -3.048.5 3.1x10.4 0.4+104
0 Pd 14.0£14.7 26.8+£20.9 25.1+£20.9 8.7+14.7 6.7£14.7 -10.1£10.4 1.9+£14.7 -0.9+14.7
y/x o 8 10 12 14 22 = [001]

important over considerable distances, and are not ad®(R;,,R,3)=CPy(R;,,Raz)exd — F(R,,Rya)/KT];

equately described by near-neighbor energies aldktethe

moment, it is not even certain whether many-atom contribu
layers are attractive or

tions to cohesion in metal

repulsive®!8

In principle, interactions between more than two atom
can be measured directly, by relying on an extension of qu
(1) used to describe adatom pairs. For three atoms, the fred

energy of interactior-(R,,R,3) can be obtained by mea-
suring the probability?(R1,,R53) of finding the atoms at the
relative separationR;, and R,; from each other, using the
relation

Pd - Pd

Free Energy (meV)

-75 -

-100 -

[001]

FIG. 2. Free energy of interactidf(R) for Pd pairs on W110),

equilibrated at 242 K. Values derived from data in Table I, using
Egs.(3) and(4). Repulsive interactions in gray, attractive in black.

(5

herePy(R1,,R53) gives the number of ways the vectdRs,
and R,3 can be accommodated on the surface. In practice,

Showever, amassing the statistics necessary for reliable ener-

ies has so far proved too daunting a task to implement this
proach.

Nevertheless, there are indications from dissociation mea-
surements of stable trimers that the many-atom effect can be
significant. For Re atoms on {/10), Fink'>2?° demonstrated
that although pair interactions between two Re atoms are
repulsive, trio effects, that is contributions to the total inter-
actions from three atoms, above and beyond effects from
pairs, provide sufficient bonding to make the trimer thermo-

Separation (A)

13.7 19.2
40 T T T T T T T T T

Free Energy (meV)

1 3 5 7 9
Separation along [111] (#)

FIG. 3. Free energy of interactions for Pd pairs along[thEl]

For the separatiol®=(0,2) andR=(3,1), the free energies and direction. Separation alongl11] in units of the nearest-neighbor

their statistical scatter are estimated lower bounds.

distance/ = (3Y%2)a,, wherea, is the lattice constant of W.
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TABLE Ill. Structural and energy parameters for Pd and Ir. Separation (A)
2.7 82 187 19.2
Pd Ir 40 T T T T T T
Nearest-neighbor
Distance for bulk 2.7509 2.7147 <
solid (A)? 2
Bulk Modulus 1.808 3.55 3
(10 N/m?)® o
Crystal Structure fcc fcc “5;
Atomic Electronic 2 3 ? Pd-Pd 1
Structure (KD)(D)®  (Xe)(6S)2(4F)¥(5D)7 . W
Desorption Energy -80 | é, 3
from W(110) 32 6.8 S 9y
(eV/atom®
Cohesive Energy 3.92 6.90
(eV/atom? S
Melting Point (K)? 1828 2719 QE)
Free Energy for —88.6:0.7 —-86.0:2.0F 3z
Nearest PaifmeV) g
[AV)
®Reference 32. 3 _
PReference 33. T 50 f Pd-Pd
‘Reference 2. B Re-Re
dReference 11. . b
-100 L : ! L L '
dynamically stable. Trio effects also seem to contribute, if ! 8 5 7
Separation along [111] (£)

less dramatically, to the cohesion of bn W(110).1*
_ How 5|gn|f|cant are many-atom interactions to the cohe- FIG. 4. Free energies of pairs alohgi1] of W(110. (@) In-
sion of clusters in general? How important are they com-, ions for Pd and . | h ithin th .
d to pair contributions for clusters on(W0)? In order teractions for Pd and Ir pairs are almost the same within the statis-
pared to . . ; - tical scatter.(b) Comparison of free energy for Pd and Re pairs.
to examine this question, we draw upon the observation th

; . . ) . eyond 27, interactions are almost the same within the statistical
platinum-family atoms tend to form chains with a spacingg.iiter. Data for Ir and Re are from Ref. 11.

identical to that of the lattice alord. 11] when equilibrated

on W(110.21-?6 As the number of atoms in a chain increasesthe contrary, when there are 9 or more Pd atoms in a cluster,
over a certain critical size, the linear structures transform int@nly the island form is observed at equilibrium. Long meta-
a more compact shape pseudomorphic with thestable chains, containing more than eight Pd atoms, can be
substraté>~2 Structural changes in surface layers when thegrown from P¢ by adding Pd atoms one by one at 210 K
concentration is increased have in the past been used in dFig. 6). However, on equilibration at 242 K, these chains
tempts to estimate interactions between adatoms of elechange irreversibly to a more compact 2D arrangement.
tronegative gases, but with uncertain succ¢@salith direct Do pair interactions between Pd atoms correctly predict
measurements of pair interactions in hand, however, we ardese changes in cluster structure? In Fig. 7 are plotted the
in a much sounder position to examine the role of many-air contributions to the free energies of Pd clusters of in-
atom interactions in the stability of metal clusters oncreasing size when in a linear as compared to a two-

W(110). dimensional arrangement. Many different forms are possible
in the latter; for this comparison we have picked the physi-
A. Pd on W(110) cally r_easonable_ arrangements show_n in the figure. Linear
and triangular trimers are very close in energy, but foy Pd
1. Qualitative considerations the island configuration appears to be favored over the

For palladium, Bassétt reported that clusters containing qhains, which are the ones actually observed. Thereafter the

as many as eight atoms formed chains, but that clusters ¢fi€ar chain is always the configuration with the lower pair
ten or more atoms were more stable as compact twoSN€rgy; as the cluster size increases, the difference in pair

dimensional(2D) clusters; later, chains of nine Pd atoms energies between i_slands and chains becomes ever Iarg_er.
were found to be metastatfi&For Pd, the structural rear- 1hat of course, is just as expected from the fact that pair
rangements from linear to compact clusters are reversible, dgteractions are attractive along th&11] direction, along

is evident in Fig. 5; after equilibration at 242 K, this cluster which the chains are oriented, but repulsive along the or-
can exist either in a linear or compact form. Once one Pdhogonal direction$001] and[110]. To build a 2D cluster,
atom is field evaporated and Pig formed, equilibration at pairs must be put in the latter, unfavorable positions. Relying
242 K never produces the island configuration: the clusteon pair interactions only, we therefocannotaccount for the
remains in the linear configuration. For clusters of seven ofact that islands and chains of eight atoms are actually of
fewer atoms, only linear chains are observed at 242 K. Oromparable stability, and that for clusters larger than that the
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[O) r ]

£ C ]

> C ]

(&) L ]

o -800 R ]

c L ]

L0 N ]

3 C ]

FIG. 5. Field ion microscope images, showing equilibration of o 1200 E ]
Pd; (marked by arrow in center of W110 at 242 K. Two- S i 1
dimensional island configuration at left is reversibly transformed o r b
into chain at right by heating. [ ]
-1600 | .

island configuration is preferred. Significant many-atom in- —t—Y

: . . 2 4 6 8 10 12 14 16
teractions must be invoked to account for the linear structure .
actually observed for clusters from Ptb Pd, and for the Atomns in Clusfer

stability of 2D islands of nine or more Pd atoms. FIG. 7. Free energy of linear Pd clusters and illustrated island

o . shapes on \{110) at 242 K, calculated from data in Table | assum-

2. Quantitative analysis ing only pair interactions.

A more quantitative idea of many-atom effects is easily
obtained for trimers, different configurations of which, de-
noted as linear, triangular, and bent, are shown in Fig. 8. The
free energies of trio interactions in these configurations will
be denoted byFsji,, Fsyi, and Fzpeny @nd the total free
energy of interactions for these configurations can now b&vhere Qpen gives the number of energetically equivalent
written as configurations with bent shape, a@ids just a normalization
constant. Inasmuch as the pair free energiéa,b) in Eq.
(6) are known, Eqgs(7) and (8) in effect constrain the trio
interactionsF 3, Fsyi, @andFspen:to a limited range of al-
lowed values through the requirem&nt

Pbent= CQpent €XH — Fpend KT1, (8

Fin=2F(1,)+F(2,2 + Fg3j,
Furi=2F(1,) +F(2,0) + F3y;,

Foen= 2F(1,1)+F(0,2) + F3pens 6  Qinexd —{2F(1,)+F (2,29 +Fjn}/KT]

) _ >Qpiexd —{2F(1,1) + F(2,0) + F3,i}/KT]
whereF(a,b) is the measured free energy of a pair at the
separatiorR=(a,b). The trimer is always found in the form + QpenXd —{2F(1,1) + F(0,2) + F3pend /K T]. 9
of a linear chain. To account for this fact we must satisfy the

relation

The same procedure can be applied to tetramers, although
Pin>Pui+ Ppent (7)  forthem, inthe forms\, B, C, D andL in Fig. 9, we should
in principle also entertain possible contributions from quarto
effects, that is from contributions of four atoms at a time
beyond those from pairs and trios. We will, however, ignore

| Linear Bent
x2

The probability of observing a particular form, s&gens,
depends exponentially upon the free energy through

n T0]4,

Triangular

[o01]

FIG. 6. Metastable linear chain of Rdgrown on W110) from FIG. 8. Schematics of different trimer configurations on
Pd, by addition of one Pd atom at a time at 210 K. On warming atW(110), showing the degeneracy of linear, bent, and triangular
242 K, chain converts irreversibly to island. forms.
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Fapent(meV)
-50

FIG. 9. Tetramer forms and their degeneracies o). -200

these henceforth, and write the free energies of interaction

for the formsA, B, C, D andL as 0

FA=4F(1,0)+F(0,2+F(2,0)+ 2F 3+ 2F 3penp <

Fg=3F(1,)+2F(2,00+F(3,1) + 2F 3, Fatri (meV) 0 !
Fc=3F(1,)+F(2,2+F(0,2+F (2,0 +Fzjnt+ Fay FIG. 10. Allowed values of 3y, Fapen, andFai, for Pd on
Y E W(110 at 242 K. For each cluster size, inequalities like E®).
3bents

confine the values of the three trio energies, leaving only the al-
lowed volume shown in gray. Along the hatched surfaEegy;
equalsF spen. Allowed F3y, andF;penare plotted at five values of
F3in @and appear as strips shown in darker gray.

Fo=3F(1,1)+F(2,2+F(2,0+F(3,1) + Fgj,+ Fayi,
FL=3F(1,1)+2F(2,2+F(3,3+2Fs,. (10

Inasmuch as the linear fora has been found to predomi- F, . depend only weakly on the magnitude B§;,. The
nate, we impose the requirement that significance of these trio interaction energies for the cohe-
sion of clusters will be considered later, but it is already clear
that these are important effects.

This establishes another constraint to be met by the trio pa-
rametersFsi,, Fayi, andFspent

The same approach applied to larger clusters serves to o
more closely confine values of the three trio energies. The Ir atoms on W110 also form chains alon§j111], but
relative stabilities observed for clusters containing from threeclusters containing 15 or more atoms are known to be ther-
to ten as well as 14 atoms restrict the allowed values to aodynamically preferred when in a compact, two-
small region, plotted in Fig. 10 3;;, must be attractive, with  dimensional configuratioff. Pair interactions have already
a magnitude of- 60 meV or larger, that is comparable with been characterized in detalland in Fig. 12 the pair contri-
the strongest pair interaction 6f88.6 meV. For a fixed butions to the free energies are shown for linear as well as
value ofFg);,, the allowed values df 5,,; andF g, fall into island shaped clustef§.Just as for Pd clusters in the pair
narrow strips, five of which are shown in Fig. 10. For any approximation, as the size increases, linear clusters become
one strip, the free energy of cohesion turns out to be roughlgven more thermodynamically advantageous compared to
constant, and not sensitively dependent upon the particulawo-dimensional islands, in gross contradiction to the ob-
values ofF3yi and Fapen. TO simplify the presentation of served behavior of Ir clusters.
results, the trio energieS,y,; in the triangular configuration For Ir, however, there is an additional effect. With pair
and F3pen: in the bent configuration are set equal to eachinteractions alone, larger island clustdrgith more than 7
other, so they fall on the hatched plane in Fig. 10. Many-atoms, for exampleare unstable interactions are actually
atom effects can now be expressed entirely in terms of theepulsive, that is, the free energies are positive. This comes
two parametersk-5;, and F3y;, giving the contributions of about because for Ir atoms, the pair enerdi€?,0) and
the linear and nonlinear trio configurations. The allowed val-F(0,2) are much more strongly repulsive than for Pd. Many-
ues of these two parameters fall into a very narrow needleatom interactions evidently have to play a very important
shaped region, shown in white in Fig. 11; the darkly shadedole in larger Ir clusters in order to compensate for the repul-
regions are excluded by the stability conditions for one orsive pair contributions and to bring the free energy of islands

P, >Pp+PgtPc+Pp. (11

B. Ir on W (110

another Pd cluster, as indicated. below the values for chains once the cluster has 15 atoms in
It appears from Fig. 11 that the smallest attractive contri-t.
bution from the trio effects amounts to roughh60 meV for By following the procedures outlined in the preceding

Fsin and —25 meV forF 5y, which can be safely regarded section, many-atom interactions can be defined in terms of
as true upper bound§;;;, especially could be significantly the parameter§syi, Fapenns @andFsjin, to yield the map in
more attractive, considerably exceeding even the stronge&ig. 13, showing the allowed region in parameter space. For
pair interactions. However, allowed values of the parametea givenF3j;,, allowed values of g, and F3pen; @gain fall
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FIG. 11. Allowed values of 3, andF 3, for Pd on W110) at FIG. 13. Allowed values oF 3y, Fapen, and Fgy, for Ir on

242 K, based on the assumptiBgy;= Fzpen. FOr each size cluster, W(110), shown in gray. For the hatched surfaEg,; equalsFzpent.
the stability conditions exclude part of the area, shown in grayAllowed F3; and Fapencare indicated in darker gray at four fixed
When all excluded regions are combined, only a needle-shapedalues ofF .

white allowed zone is left. For clarity, only five excluded areas are

shown here. total free energy of interaction has been estimated for trio

into narrow strips, for which the total free energy of interac- parameters close to th_e tip of the a"‘?Wed parameter space in
tion is roughly constant. We therefore simplify matters byF'gS' 11 anld #}1 ':Chat IS under ](cxl):)r:jdmlons where_tno e(;feqtf]
assumingF 3yi~Fspens @nd represent trio effects with just are minimal. 1he Iree energy o clusters, estimated wit
the two parameterB s, andF5i. The plot of allowed trio pair interactions alone'ls compared in Fig. 15 with .the free
parameters for Ir on \WL10), in Fig. 14, is somewhat similar energy allowing for trio effects. A similar comparison is

to that for Pd. It has a broader but still needlelike appearanc ’Iadte In F_;ﬁ.|16 ft(;]r Ir c_IuE;[erf. For Pd ch?ms,_tt:at 'St. for
with allowed values for the trio interactidfg,,; of much the clusters with 1ess than eight atoms, many-atom Interactions,

same magnitude as for Pd; linear trio effeEtg;,, are much indicated by .the striated region betwee!" the wo curves in
more negative, however. Obviously, trio effects contributeFlg.' 15, provide roughly as much cohesion as do pair inter-
significantly to cohesion of Ir clusters also. actions. For the ;mallest 2D Pd clusters g)l?dnany-atpm
interactions contribute as much ag of the total cohesion.
The fractional contribution becomes even larger as the size
increases; for Pgd, many-atom interactions amount to as

To obtain a clearer appreciation for the contributions ofmuch as~$ of the total. With iridium clusters, many-atom
many-atom effects to the cohesion of Pd and Ir clusters, th@ontributions are even more impressi\/e_ F@r [Dugh|y half

1000 . . the cohesion can be ascribed to trio effects, in good agree-
ment with the dissociation experiments of Watanabe and
Ehrlich!! For 2D Ir islands with 15 or more atomal] of the
cohesion arises from many-atom effects.

It must be emphasized that we have parametrized many-
atom effects entirely in terms of the trio energieg;, and
Fsyi; both linear and triangular trio terms turn out to be
Pairs ] attractive and provide binding comparable to that of nearest-
Only ] neighbor pair interactions for Pd as well as Ir clusters on

W(110. Although our neglect of quarto and higher effects is
arbitrary, and done entirely for the sake of simplicity, that
trio interactions are strongly attractive is well founded in
direct observations. Previous studies on Ir trimers qii 19
(Ref. 1)) already demonstrated that trio effects are in fact
[ ] attractive and of the same order of magnitude as the strongest
5 4 & 8 8 @ 1 1@ T pair interactions; the trio enerdysy, for the linear configu-
ration was estimated as130+70 meV, which falls inside of
the allowed region of Fig. 14. Even more decisive are results

FIG. 12. Free energies of linear and illustrated island shapes dior Re trimers on W110).**?°The measured trio energy is
Ir clusters on W110), assuming that only pair interactions contrib- much more attractive than for Ir. Allowing higher order in-
ute. For pair interactions from Ref. 11, only Ir chains are predictederactions, such as quartos, in our comparisons could possi-
to exist at equilibrium. bly lower our estimates for the strength of trio effects. It

C. Comparisons
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FIG. 14. Allowed values of 3, and F3y; for Ir on W(110), FIG. 16. Contribution of pair and trio interactiorithe latter
based on the assumptiéy,;= F3pen. FOr €ach size of cluster, the striated to the cohesion of Ir clusters on (10). Evaluated for
stability conditions exclude a region depicted in gray. When aII(|:3”n,;:3m):(_1go meV—68me\). For linear chains(Ir,, X
excluded regions are combined, the needle-shaped zone in white 4814), trio interactions make roughly the same contribution to the
left. Only four excluded areas are shown here. cohesion as pair interactions. For islands,, x>14), cohesion

arises entirely from trio effects. Free energies of islands are shown
would not in any way alter the conclusion that many-atomdotted.
interactions are strongly attractive and a major contributor to

cohesion. neighbor as well as trio interactions were attractive, 2nd as

Calculations using embedded atom potentials have show@ell as 3rd nearest neighbors were repulsive. Best agreement
somewhat similar effects. For Pt, Pd, as well as Ni clustersyith experiments was found faf, = — 74, e,=3=37, ¢,

on P{001), Wright et al?® found interactions between near- =£5=0, £341= £3pen= — 37 MeV, Where the;’s are pair en-

est neighbors attractive, but repulsive between seconcsrgies for theth nearest neighboks,; ande spe,denote trio
nearest neighbors; trio effects were all attractive. From |at'energies for the triangu'ar and bent ConfigurationS, respec-
tice gas simulations of the low-coverage portion of the phas@yely. These results are generally similar to our findings for
boundary reported by Kolaczkiewicz and Baliefor silver  pg on W110), but Stoop ignored longer range interactions

on W(110, Stoo§ was able to derive approximate values for as well as linear trio effects, which we have found very im-
pair as well as trio interactions. He concluded that nearestyortant.

Somewhat later, however, Gollisthmade estimates of

O ——r— ‘ ‘ ‘ ‘ 1 the cohesion of Cu and Au clusters on(3¥0), using an

i entirely empirical potential. From these estimates, Roelofs
] and Bellort deduced that all pair interactions were attractive,
el ] but trio effects were repulsive. They gave the following val-
il ues for Cuie;=—222,e,=—147,83=—72, £53,=8, and
e3pen= D2 MeV. Using these parameters, Roelofs and Bellon
were not able to reproduce the phase boundaries reported by
] Kolaczkiewicz and Bauet® but suggested that a proportion-
ate lowering of both pair and trio effects could bring better
agreement. For Au on \¥10), the parameters extracted from
Gollisch’s estimates followed roughly the same pattern as for
L ] Cu: g1=—293, g,=—255, g3=—146, &34i=23, €3pent
B T =158, ande qyarg= — 148 meV. Again there were significant
I ] discrepancies between the phase boundaries predicted from

I ] these parameters and actual observations, but Roelofs and
-3000 \ | \ | \ | \ | \ | \ | . . . . .

5 4 6 8 16 12 14 Bellon implied that making quartos repulsive could improve
agreement. We have to emphasize here that the choice of
repulsive trios was made to conform with Gollisch’s entirely

FIG. 15. Contribution of pair and trio interactions to the cohe- @Mpirical calculations, and not in response to any experimen-
sion of Pd clusters on V410 evaluated for g, ,Fay) @l information.
=(—80meV,— 34 meV). Even for small linear chairiBd, , x<8), In continuing studies of rhodium and platinum adsorption
trio contributions to cohesioshown striatefiare comparable to 0N W(110), Kolaczkiewicz and Bauéihave recently derived
pair effects. For island@d,, x> 8), trio effects dominate cohesion. interaction energies for a single atom in contact with one,
Free energy of 2D islands is shown dotted. two, and also three nearest-neighbor adatoms. From their

__Pair

-1000 F

Pair + Trio

-2000 | | y

Free Energy (meV)
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results, one would have to conclude that the sum of trigpronounced spatial anisotropy of interactions, their long

effects plus second-neighbor interactions a|¢ﬂal] are (>13 A)range, and the oscillatorldependence upon distance
repulsive by 500 meV for Pt and by 200 meV for Rh. Their along the close-packed directiph11], a surprising fact has
nearest-neighbor energies, however, are unusually large, 8@dnerged: at least for Pd and Ir, no pronounced dependence
meV for Pt and 600 meV for Rh, which makes subsequenbf pair interactions upon the binding energy of the individual
deductions uncertain. atoms to the substrate has been found.

The notion in some macroscopic studies that many-atom Truly quantitative determinations of many-atom effects
interactions are repulsive, and cohesion comes primarilyare still lacking, but by taking advantage of the transforma-
from pair contributions, stems at least in part from a lack oftion from linear to two-dimensional clusters characteristic of
detailed information about the strength of pair interactionsthe platinum metals on Y¢10), it has been possible to map
From direct measurements on Pd as well as Ir qa3®), we  out regions of allowed values for trio interactions. Many-
know that in 2D islands, strong attractions in nearest-atom interactions are found to be strongly attractive and to
neighbor pairs are counterbalanced by repulsions charactedominate the thermodynamic properties of larger clusters.
istic of 2nd and 3rd nearest neighbors. Overall, pair contri-Such effects clearly have to be reckoned with in attempts to
butions in islands are therefore small. From our studies imodel cluster properties, but it will also be important to es-
emerges unequivocally that for Pd and even more so Ir clugablish whether these trends extend to other surfaces.
ters on W110),, many-atom effects rather than pair interac-
tions are most important in affecting cohesion. ACKNOWLEDGMENTS
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